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ABSTRACT
Objective: This in vitro study aimed at characterizing the mineral content and filler particle morphology of a fluoridated 
toothpaste containing REFIX technology and the mineral content and the morphology of the enamel surface treated 
with this product. Material and Methods: Bovine enamel blocks (n=5) were obtained (4×4×6 mm), demineralized 
(artificial caries lesion), and treated (pH cycling and brushing with the toothpaste). During the pH cycling, which lasted 
for 7 days (demineralization and remineralization took 6 h and 18 h, respectively), the enamel was brushed for 5 min 
using an electric toothbrush before being immersed in a remineralization solution. We evaluated the micromorphology 
and elemental levels (wt%) of ions present in the toothpaste and on the layer formed over the enamel following the 
treatment. The surface morphology was assessed using scanning electron microscopy (SEM). The elemental analyses 
were performed using an energy-dispersive X-ray spectrometer (EDS). Results: Scanning electron micrographs of the 
toothpaste demonstrated a uniform size distribution of regular-shaped fillers sparsely organized in nanoclusters. Elemental 
analysis of the toothpaste’s formulation demonstrated the presence of Si (silicon), Na (sodium), P (phosphorus), and 
F (fluorine), among others. We also detected a mineral layer that had formed on the treated enamel surface; the layer 
had a consistent uniform thickness of ~14 µm. Conclusion: Based on the results, it can be stated that REFIX technology 
modifies the surface and subsurface of the enamel structure, forming a Si-rich mineral layer.
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RESUMO
Objetivo: Este estudo in vitro objetivou caracterizar o teor de minerais e a morfologia das partículas de um dentifrício 
fluoretado contendo tecnologia REFIX e o teor de minerais e a morfologia da superfície do esmalte tratada com este 
produto. Material e Métodos: Blocos de esmalte bovino (n=5) foram obtidos (4×4×6 mm), desmineralizados 
(lesão de cárie artificial) e tratados (ciclagem de pH e escovação com dentifrício). Durante a ciclagem de pH de 7 dias 
(desmineralização e remineralização levaram 6 h e 18 h, respectivamente), o esmalte foi escovado por 5 min com uma 
escova dental elétrica antes de ser imerso em uma solução de remineralização. Avaliou-se a micromorfologia e os níveis 
elementares (% em peso) dos íons presentes no dentifrício e na camada formada sobre o esmalte após o tratamento. A 
morfologia da superfície foi avaliada por meio de microscopia eletrônica de varredura (MEV). As análises elementares 
foram realizadas usando um espectrômetro de energia dispersiva de raios-X (EDS). Resultados: A análise por MEV do 
dentifrício demonstrou uma distribuição de tamanho uniforme de partículas de forma regular que foram organizados 
esparsamente em “nanoclusters”. A análise elementar da formulação do dentifrício demonstrou a presença de Si (silício), 
Na (sódio), P (fósforo) e F (flúor), entre outros. Observou-se também uma camada mineral na superfície de esmalte com 
espessura uniforme consistente em torno de 14 µm. Conclusão: De acordo com os resultados, conclui-se que a tecnologia 
REFIX modifica a superfície e subsuperfície da estrutura do esmalte, formando uma camada mineral rica em silício.
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INTRODUCTION

It has been proposed that biomimetic 
approaches, different mechanisms that reproduce 
the mineralization process [1], are claimed 
to improve the enamel remineralization [2]. 
This mechanism was possible by associating 
ionic compounds in combination with fluoride 
[3]. In this manner, there are several oral care 
products with active ingredients to protect teeth 
against the enamel demineralization associated 
with fluoride [4]. There are constant efforts 
on the research, development, and innovation 
of new products aimed at reducing enamel 
demineralization and at enhancing the enamel 
remineralizing ability of these formulations [5]. 
In this manner, companies have changed the 
toothpaste formulations have enabled by adding 
a variety of active ingredients, which ultimately 
increase the effectiveness of the toothpastes [6].

The main inorganic constituent of dental 
enamel is hydroxyapatite Ca10(PO4)6(OH)2 [7]. 
Biological apatite is also characterized by the 
presence of other ions, such as magnesium 
(Mg2+), potassium (K+), sodium (Na+), zinc 
(Zn2+), manganese (Mn2+), orthosilicate (SiO44−), 
and chloride (Cl−) [8], partially substituting 
calcium (Ca) ions, phosphate (P) ions, and/or 
hydroxyl ions (OH-) in the crystal structure [9]. 
The remineralization process can be enhanced by 
the substitution of low levels of ionic species, such 
as carbonate and fluoride ions [6]. In addition, 
the bioactivity of hydroxyapatite is enhanced by 
the substitution of silicon into the remineralizing 
hydroxyapatite molecular structure [10]. These 
ionic changes are regarded to occur at the 
hydroxyapatite surface [9], but it has also been 
evaluated the potential of fluoride toothpastes 
to provide hydroxyapatite regeneration deeper 
into the enamel subsurface [11]. It has been 
advocated that replacing the hydroxyl ions in 
the enamel structure with fluoride and other 
ions increases the hardness, stabilizing the 
hydroxyapatite crystals and conferring protection 
against changes to lower critical salivary pH 
(5.5–5.2) in the oral cavity [8].

Recently, a proprietary technology named 
REFIX was developed, comprising a fluoride 
toothpaste associated with phosphates and silica. 
The manufacturer claims that this association 
favors the formation of a fluoridated apatite 
and the deposition of a silicate layer, which 
is also formed deeper into the enamel tissues 

and in the open dentin tubules. This claimed 
ionic change seems to reduce hydroxyapatite 
solubility, decreasing the dentin fluid movement, 
and improving its mechanical properties. 
In this manner, this mechanism also helps to 
protect against the consequences of dentin 
hypersensitivity [12]. The present in vitro study 
evaluated the mineral content and surface 
morphology of enamel surfaces treated with 
fluoridated REFIX technology-containing 
toothpaste. We also characterized the elemental 
content of the toothpaste.

MATERIALS AND METHODS

Specimen preparation for microscopic analysis

Bovine incisor teeth were sectioned to obtain 
enamel blocks (4 × 4 × 6 mm) using a rotating 
diamond blade (Extec, Enfield, CT, USA) under 
water lubrication in a cutting machine (IsoMet 
1000, Buehler, Lake Bluff, IL, USA). The blocks 
(n = 5) were subsequently embedded in epoxy 
resin (EpoxiCure Epoxy Resin and Hardener, 
Buehler). The block surfaces were subsequently 
wet-polished with 600-grit SiC (silicon carbide) 
paper at low speed and with 1,200-grit SiC paper 
at high speed using a polishing machine (Single 
Grinder Polisher, Buehler). A final polishing was 
performed with 1-µm diamond paste and wet 
felt wheels.

Caries-like lesion formation

In order to demineralize the enamel 
surface to produce caries-like lesions, the 
blocks were immersed in 30 mL 50 mM acetate 
buffer solution containing 3 mM CaCl2.H2O, 
3 mM KH2PO4, 50 mM lactic buffer, and 6 µM 
methylhydroxydiphosphate (MHDP) at pH 5.0 for 
5 days [13].

pH cycling

After demineralization, the enamel blocks 
underwent pH cycling by interchanging a 
demineralization solution (1.5 mM CaCl2, 0.9 mM 
KH2PO4, 50 mM lactic buffer, pH 5.0, 8 h) and a 
remineralization solution (5 mM CaCl2, 0.9 mM 
KH2PO4, 130 mM KCl, 20 mM HEPES, 5 mM 
NaN3, pH 7.0, 16 h) for 7 days [14]. Brushing 
was performed between the incubation with 
the remineralization and the demineralizing 
solutions [15,16]. The enamel blocks were 
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treated with 30 mL toothpaste slurry solubilized in 
deionized water (3:1) using an electric toothbrush 
(Oral-B Vitality Precision Clean rechargeable 
toothbrush) for 5 min (120 cycles per minute, 
22°C). The specimens were brushed in linear 
movements with an axial load of 200 g [16]. 
The specimens were then rinsed with deionized 
water for 5 s. The bovine enamel specimens were 
longitudinally sectioned under water-lubricated 
conditions, and both halves were evaluated 
using scanning electron microscopy (SEM) and 
elemental analysis.

SEM and energy-dispersive X-ray spectrosco-
py (EDS) characterization of the toothpaste 
and enamel cross-sections

The enamel halves were dehydrated in 
silica gel for 3 h. Cross-sectional morphology 
analysis was then performed in a scanning 
electron microscope (VEGA3, TESCAN, LMU, 
Kohoutovice, Czech Republic) operating at 15 kV. 
The specimens were earlier sputter-coated with 
gold in a vacuum evaporator (MED 010; Balzers, 
Balzers, Liechtenstein), and then microscopically 
analyzed to obtain photomicrographs of the cross-
sectional morphology of the remineralized enamel 
halves (×1,000 magnification). Representative 
micrographs were obtained for characterizing 
their morphological aspects. EDS point analysis 
(80 mm2, silicon drift detector [SDD], Oxford 
Instruments, Concord, MA, USA) was performed 
for qualitative elemental analysis of the enamel 
cross-sections, operating in high vacuum mode 
and an accelerating voltage of 15 kV. The mean 
obtained from randomly selected five points per 
sample (300 µm2 per point) was calculated.

The same analyses were performed for 
the toothpaste (Regenerador + Sensitive 
DentalClean, Rabbit Corp., Londrina, Brazil). 
After dehydration for 5 days, three samples 
of toothpaste (250 mg) were mounted on 
aluminum stubs, gold sputtered, and evaluated 
at ×1000 magnification under SEM with an 
accelerating voltage of 15 kV. The qualitative 
elemental analysis of the toothpaste was also 
performed using the same settings and at 
×24000 magnification under SEM with an 
accelerating voltage of 20 kV.

RESULTS

Figure 1 exhibits a photomicrography of 
the toothpaste, which demonstrated a uniform 

size distribution of regular-shaped fillers that 
were sparsely organized in nanoclusters. 
Figure 2 presents representative SEM/EDS 
analyses of the toothpaste. Figure 2A shows 
a representative photomicrography of the 
toothpaste and the elemental mapping at higher 
magnification, showing the complexation of 
the chemical elements; Figure 2B shows the 
colored squares of the elemental analysis of 
the toothpaste; Figure 2C shows a table of the 
elemental distribution in weight% observed in the 
toothpaste. Except for the higher percentages of 
ions C and O, Si (9.39%) had the highest mean 
weight% in the toothpaste. Other ions were also 
found in the toothpaste, such as Na (1.1%), P 
(0.56%), and F (fluorine, 0.15%).

Figure 3 presents representative SEM/EDS 
analyses of the enamel cross-sections. Figure 3A 
shows the morphological analysis of the 
remineralized subsurface enamel, highlighting 
a greenish, silicon-rich superficial layer formed 
after the treatment; Figure 3B shows a table 
of the elemental distribution in weight% 
observed in the remineralized enamel, and 
a representative image of the color-coded 
distribution of the elements. The main elements 
observed in the mineralized layer formed onto 
the enamel were Si (black arrows), with a relative 
weight% of 0.71%, which apparently formed 
a chemical complexation with Ca (31.28%), P 
(14.77%), and O (34.27%); Figure 3C displays 
a representative photomicrograph demonstrating 

Figure 1 - Scanning electron micrograph of the toothpaste 
demonstrating the uniform size distribution of regular-shaped fillers 
sparsely organized in nanoclusters.
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that a mineralized layer was formed at the treated 
enamel surface (∼14 µm).

DISCUSSION

The present in vitro study characterized the 
mineral content and surface morphology of enamel 
surfaces treated with a fluoridated toothpaste 

containing proprietary REFIX technology. 
The manufacturer states that it represents a 
technology based on a multifunctional phosphate-
containing toothpaste with an acidified stabilized 
phosphate/fluoride complex, which is established 
especially in saliva [12,16]. The generation of 
new minerals containing calcium/phosphate/
fluorine is favored by the combination of saliva 

Figure 2 - (A) micrographs of the toothpaste and elemental mapping at higher magnification, demonstrating the complexation of the chemical 
elements; (B) the colored squares of the elemental analysis of the toothpaste according to the detected ions; (C) a table describing the 
elemental distribution in weight% observed in the toothpaste; EDS analysis detected stronger signals for Si (9.39 weight%) and varied amounts 
of Na, P, and F.

Figure 3 - (A) micrograph of the morphological evaluation of a cross-sectional area of the remineralized enamel, highlighting a greenish, silicon-
rich superficial layer formed after the treatment; (B) a table of the elemental distribution in weight% observed in the remineralized enamel, 
and a representative image of the color-coded distribution of the elements; (C) a representative micrograph demonstrating the layer formed 
on the enamel surface (∼14 µm).
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with dental tooth structures, which promotes the 
remineralization of the enamel surface and within 
subsurface carious lesions [16].

The toothpaste has an acidic pH, which is used 
as a feature of the REFIX technology [16]. In an 
acidic environment, it is favored the formation 
of calcium phosphate crystals, which is regarded 
to be one of the reasons for its efficacy. It has 
been speculated that an acidic toothpaste would 
negatively affect the remineralization process 
in previously demineralized enamel tissue [16]. 
On the other hand, slightly acidic, fluoride-
containing products present no erosive 
potential [17]. In addition, other studies have 
proven that acidic products have similar or 
better anticaries effects in comparison to neutral 
formulations [18]. A previous study [16] also 
demonstrated that toothpaste containing REFIX 
technology contains 55.7% (by weight) particles, 
with an average particle size of 380.7 nm, and low 
negative zeta potential (-0.62 mV). These results 
are corroborated in Figure 1, which shows the 
uniform size distribution of regular-shaped fillers 
sparsely organized in nanoclusters. In addition, 
Figure 2 clearly demonstrates that the toothpaste 
contains, besides sodium fluoride, silicon. Silicates 
are usually added to toothpaste formulations, 
inducing the formation of calcium silicate, 
responsible for enhancing the mineralization 
processes of saliva via hydroxyapatite nucleation 
and mineral formation [19]. Silica is a component 
of bioactive glass and acts as a nucleation site for 
calcium and phosphate ion precipitation in the 
formation of hydroxyapatite [20]. Silica particles 
promote more rapid release of Ca and P [21] 
and low negative zeta potential in biological 
medium, which has important in vivo effects [20]. 
Replacing phosphate ions (PO4) in the molecular 
structure of hydroxyapatite with silicate ions 
(SiO4) leads to the formation of calcium silicate, 
which is deposited onto the eroded surface, thus 
allowing a protective layer due to the formation 
of hydroxyapatite [22].

Here, the mineral precipitates formed on 
the surface of the enamel block can be observed 
after the application of the toothpaste tested 
(Figure 3A). It appears that the silicon-containing 
enamel surface was induced by the toothpaste, 
which favored the formation of complexes of 
bioactive compounds formed by Ca, P, and Na, 
as displayed in Figure 3B. EDS analysis also 
suggested the relative percentage weight of Na 
(mean = 0.88%), which appears to favor the 

formation of a layer of hydroxycarbonate apatite on 
the enamel surface [23]. It has been demonstrated 
that the effectiveness of silicon is most evident 
when substitution occurs at 0.8 wt% Si, which is its 
highest level of metabolic activity [24]. Bioactive 
glass also induces quick complexation of Na, Ca, 
and P, thus boosting mineral precipitation for 
remineralizing the enamel surface or for reducing 
the effects of the demineralization process [25]. 
Here, the manufacturer also states that another 
component of the toothpaste is tetrasodium 
pyrophosphate in association with 1450 ppm 
of sodium fluoride [16]. The rationale that 
supports the oversaturation of the enamel surface 
associating calcium and phosphate is to avoid 
an additional loss of ions on the demineralized 
enamel surface. As a consequence, there is an 
increase in the resistance to the cariogenic process 
in the presence of fluoride ions [26]. The SEM 
analysis (Figure 3C) also demonstrated uniform 
mineral precipitation covering the enamel surface 
with a consistent thickness of ~14 µm.

A previous clinical trial that evaluated the 
effectiveness of this toothpaste in 53 subjects [12]. 
The authors observed that the participants 
experienced a significant reduction in dentin 
hypersensitivity after 1 week of use. It was 
speculated that phosphate-mediated calcium 
fluoride and calcium silicate crystals were 
produced and placed on both the dentin surface 
and inside the dentin tubules. The authors 
explained that the continuous use of toothpaste 
favored the decrease of dentin hypersensitivity 
88.3%. The authors believe that the decrease in 
the sensitivity expressed by the participants could 
be due to deposition of crystals, which seems to 
progressively occlude the dentin tubules, reducing 
the dentinal fluid flow, and subsequently reducing 
the dentin hypersensitivity [12]. In another in vitro 
study [27], the mineral content and surface and 
cross-sectional morphology of enamel and dentin 
tissues treated with the same toothpaste were 
evaluated. The toothpaste with REFIX technology 
not only remineralized, but also effectively 
repaired the surface enamel. The results were 
also consistent in dentin, in which the dentin 
tubule diameter was progressively occluded until 
complete occlusion after one week, corroborating 
the results of a previous clinical trial study [12].

The present in vitro study evaluated the 
mineral content and filler particles morphology of a 
fluoridated toothpaste containing REFIX technology 
as well as the mineral content and the morphology 
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of the enamel surface treated with this product. 
Considering the limitations of the present study, 
instead of using bovine teeth, it could be used 
with human teeth. Furthermore, other products, 
including a gold standard one, would allow other 
comparisons. In spite of these limitations, with this 
in vitro study, the results of previous studies [16,27] 
corroborate with our results. Complementary 
studies are still necessary to evaluate, especially 
in in situ and in vivo studies, the effectiveness 
of REFIX-containing technology toothpaste to 
remineralize the enamel and dentin tissues.

CONCLUSION

Based on the results of the present study, 
it can be stated that the REFIX technology 
modifies the surface and subsurface of the enamel 
structure, forming a Si-rich mineral layer.
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